Abstract. We put constraints on the epoch of dark matter formation for the case of certain nonwimp candidate where dark matter appears in between the epoch of Big Bang Nucleosynthesis and matter radiation equality. In such class of models, matter power spectra gets a strong suppression even towards linear scale, if dark matter is formed considerably close to the epoch of matter radiation equality and thus subject to strong constraints from linear power spectra measurement from SDSS and Lyman-α data. Unlike the case of warm dark matter, where mainly mass of the dark matter particle controls the suppression scale, in "Late forming dark matter "scenario, it is the redshift of dark matter formation which determines the free streaming scale in power spectra. We use SDSS and lyman-α data to directly find the latest epoch of dark matter formation in our universe. If all the observed dark matter is late forming, we find lower bound on redshift of dark matter formation z f > 1.08 × 10
Introduction
In spite of extensive search, the particle nature of dark matter is still a mystery. Till now all the evidences for dark matter are purely through its gravitational effects. Experiments like Cosmic Microwave Background [1] [2] [3] [4] , weak gravitational lensing [5] , galaxy rotation curve [6] , x-ray and large scale structure survey (SDSS [7, 8] , Lyman-α [9] ) which span different length scales and epochs of the universe, have all confirmed the presence of dark matter but have left us completely ignorant about its fundamental nature. That is why, most of the search for the particle constituent of the dark matter have been driven by aesthetic reason and by giving preferences to the models which belong to this category. And it is a fair statement to say that all these dark matter searches involve guess work. For example, the well studied "wimp miracle"which has driven most of the direct and indirect search experiments relies on the coincidence between weak scale cross-section and the dark matter freeze-out cross-section needed to produce correct relic density. Unfortunately, all the direct [10] [11] [12] [13] [14] , indirect [15] [16] [17] [18] [19] [20] [21] [22] [23] and collider [24, 25] searches for electroweak wimp have not only produced null results but also different search results are in conflict with each other [26] . These anomalies definitely point out to much richer physics in dark matter sector or might direct us to think out of the box -in other words to look for different physics and energy scale of dark matter beyond weak scale and super-symmetric candidates.
Once one encompasses non-wimp candidates, the mass window for the dark matter opens up by many orders of magnitudes. If dark matter is produced through thermal processes which is the case for most of the fermionic dark matter models, it can be as heavy as TeV ( super-wimp [27] ) or as low as keV ( warm dark matter) [28] [29] [30] . The lower bound arises from the so called Tremaine-Gunn bound [31] which arises from the conserved phase space density of the dark matter particle and its comparison with the densest packing of dark matter in the dark matter rich dwarf-spheroidal galaxy (dspH). But a scalar particle can also behave as dark matter. Either it can be a heavy scalar boson of GeV mass [32, 33] or it can be ultra light axion or axion like particle [34, 35] of mass sub-eV or even below. For the case of such low mass bosons, a zero momentum condensate of scalar particle which arises due to coherent oscillation in a quadratic potential, behaves exactly as cold dark matter.
In this work, we are interested in epoch of dark matter formation rather than the mass of the DM particle, though they are intimately connected to each other and also depends on the physics of dark matter production. Here we ask the question " how late a dark matter particle can be formed?" in our universe. Unlike the case of electro-weak WIMP where dark matter formed at very early epoch T ∼ GeV, there are models of dark matter, where the production can take place at very late epoch even after BBN. These models belong to the category of Late Forming Dark Matter (LFDM) [36] where generally a late phase transition is associated with dark matter production.
While talking about how late a dark matter could be formed, certainly we know that at least since matter radiation equality dark matter has been clustering and diluting more or less as a −3 . However, even at eras earlier than this, the clustering behaviour of the dark matter can be observed in the power spectrum, at least to linear scale of 0.2h −1 M pc, where the matter power spectrum starts to become non-linear. An obvious consequence of late forming dark matter is suppression in clustering of cosmic structure at scale smaller than the horizon size at the time of dark matter formation. SDSS and Lyman-α are two such experiments which observe clustering of DM during epoch even before matter radiation equality and thus in principle put stringent constraints on the models of LFDMespecially on the red-shift range of its production.
Late forming dark matter are not only a theoretically motivated non-standard dark matter models but also they have the potential to solve some long standing cosmological issues with cold dark matter (CDM). It is an well known problem that N-body simulation of CDM produces way more galactic substructures (satellites) than observed [37, 38] . Also, ΛCDM is subject to "too big to fail" [39, 40] problem where the mass of sub-halo is too big in the milky way. Due to suppression of power in small scale LFDM can potentially alleviate these issues with CDM.
In this work we take a general class of LFDM model in consideration, where a radiation like component got converted into a dark matter state due to a late phase transition. With latest SDSS and Lyman-α data, we perform statistical analysis and constraint the main parameters for a general LFDM model. One of the most important parameter is the red-shift of dark matter formation which directly controls the suppression scale in linear matter power spectra. If LFDM is formed really late (very close to matter radiation equality (MRE)), there will be too much suppression in power and such model will be ruled out by clustering data. Statistically we find, if all the observed DM is late forming, then the lower bound on redshift of dark matter formation is given by z f > 1.08 × 10 5 at 99.73 % C.L from the SDSS data and z f > 9 × 10 5 , at the same C.L, from the Lyman-α data. Then we extend our scenario to a mixed dark matter case where only a fraction of the DM is late forming and remaining is standard CDM. In that case, we find tentative evidence of the presence of LFDM from the Lyman-α data. Upcoming data from SDSSIII/Boss will allow us to explore this issue in more detail Taking this viable range into account, the next step will be to put this model in N-body simulation and to check whether it can alleviate the issues with CDM cosmology. That work is beyond the scope of this paper and kept for future work.
So the plan of the paper is as follows : in section II, we briefly review the epochs of dark matter formation for few well known models and discuss how LFDM formation can be really late compared to those. In section III, we discuss the cosmology of LFDM and then in section IV we discuss the data analysis process we adopt in this paper. Then we present our result in sec V and finally we conclude in section VI.
Theory and motivation for "Late Forming Dark Matter"
In this section first we briefly point out different epoch of dark matter formation for few well known models and show that how LFDM formation is quite different both with respect to its production mechanism and formation epoch compared to the other candidates. For the case of electro-weak wimp, the dark matter is formed through freeze-out when the temperature of the universe was m DM T ∼ 20 -so the production happened at very early epoch ( T ∼ GeV) much before Big Bang nucleosynthesis (BBN). For the case of keV sterile neutrino warm dark matter, when it is produced through activesterile oscillation, the production epoch is T pro ∼ 150MeV -which is at considerable lower energy scale compared to electroweak wimp. For the case of axion dark matter, the scalar starts its coherent oscillation when mass of the scalar field becomes of the order of Hubble parameter m φ ∼ H(T ). For the accepted mass scale of sub-eV axion m a ∼ 10 −5 eV, the production happens at the QCD scale T ∼ 100MeV which is considerably before BBN. The main difference of LFDM compared to the others and mainly WDM case is-though it can generate warm dark matter like matter power spectra, the production epoch can be as late as T eV scale. Though in principle, the model parameter space can allow such late formation, clustering data from SDSS and Lyman-α will definitely constrain a very late appearance of DM in our Universe. The reason behind is that the power spectra gets suppression to a length scale equal to the size of horizon prior to the formation of LFDM. It is instructive to note that for warm dark matter (WDM), one also gets suppression in power which is a direct function of dar matter particle mass due to free-streaming effect. But in our case, the suppression is controlled by the redshift of LFDM formation rather than its mass scale. This is the reason, while SDSS and Lyman-α directly constraint the mass of WDM particle, in LFDM, these data directly constraints the redshift of dark matter formation.
Models of LFDM
There has been quite a few models of LFDM where dark matter is created prior to recombination but after the epoch of BBN.One such model is when dark matter is produced from out of equilibrium decay of a long lived charged particle [41] prior to recombination. Before the decay the charged particle was coupled to baryon-photon plasma and then decays to neutral dark mater particle which is only gravitationally coupled to baryon and photon. Though in most of the models, linear matter power spectra gets a similar suppression in small scales, we will focus on a specific class of late forming DM, where an excess radiation component ∆N ef f makes a phase transition to a dark matter state. We refer to the work [36] for details of the dark matter production mechanism as well as procedure for getting linear matter power spectra for LFDM theories where a scalar field starts co-herrent oscillation after phase transition and behaves like CDM. There is another way for the case of fermions where a neutrino like light dark fermions can also be trapped in small dark matter nuggets ( section 3 of [42] ) and starts behaving like CDM. In general, in these theories, one gets a higher N ef f compared to the case for standard ΛCDM cosmology. But we will also see that a tiny fractional increase in N ef f will do the job for producing correct amount of DM density if the the dark matter is formed couple of e-folding before matter radiation equality . The recent constraints on N ef f from Planck and WMAP prefer the existence of a fractional dark radiation N ef f = 3.62 +0.50 −0.48 at 95 percent C.L. [43] . Thus this model is in complete agreement with all the cosmic microwave background measurement. In fact, if one starts with a fully thermalised dark radiation like component and a fraction of it turns into CDM, it will leave a fractional dark radiation ( equivalent to partially thermalised light eV sterile neutrino) at the epoch of CMB which might even be preferred by data [44] .
It is interesting to point out that in recent work [45] a CDM like particle interacting to neutrino or dark radiation can also produce a LFDM like power spectra with damped oscillation. But in that case the dark matter is present from very early epoch. An additional interaction of CDM with neutrino like particle needs to be present in this model which is responsible for a collisional damping in DM matter power spectra. The strength of cross-section basically determines the damping scale in power spectra and thus gets constraints from Lyman-α data as well.
Cosmology of LFDM
The main goal of our work is to find out how late can dark matter form i.e to find out the minimum value of the transition redshift z t As discussed in the previous section, the formation of dark matter happens via the transition of the scalar field. Once the phase transition happens, there is a fractional drop in radiation degrees of freedom N eff , as the radiation component starts behaving as CDM immediately after the phase transition. This gives us one more parameter of interest, which is the effective number of radiation before the transition N eff .
Since the epoch of phase transition until the present, LFDM redshifts as normal CDM, one gets
Now assuming that a fraction of excess radiation component got converted into a fraction of CDM density f lfdm at z t , we get the decrement in the effective number of neutrino degrees of freedom, ∆N eff to be: where ρ zt ν is the energy density of one neutrino-like radiation species at the transition redshift. This yields:
It should be noted that ∆N eff is inversely proportional to the redshift of transition. As the effective number of neutrino degrees of freedom dynamically change in this model, observational constraints on N eff from different observations need to be interpreted properly. For instance, for z t < 10 10 , the BBN constraints, which depend on the in situ value of N eff during the era of BBN, on N eff apply to the value of N eff before the transition. [46] [47] [48] . On the other hand, CMBR and galaxy clustering data, which are influenced by the history of changes in N eff , are also sensitive to the final N eff . Throughout this paper N eff corresponds to the initial degrees of freedom. We also note that, for most of the range of z t of interest, ∆N eff is generally smaller than the current precision on N eff from different data sets; for instance, it follows from Eq. ((3.3) ) that even if f lfdm = 1, ∆N eff = 0.2 for z t = 10 5 , assuming the bestfit Planck parameters for Ω CDM and h. As noted above we also consider the case when the LFDM contributes only a fraction to the observed CDM at the present and this fraction is denoted by f lfdm .
We are therefore able to formulate the cosmological impact of LFDM in terms of three parameters: N eff , z t and f lfdm . To compute matter power spectra for a range of these parameters we have suitably modified the publically available code CAMB [49] . A set of power spectra with different z t and N eff are shown in Figure 1 . In each case we have plotted the usual ΛCDM power spectrum for comparison.
As Figure 1 show, the new features introduced by LFDM are largely determined by the variation of z t . The scale imprinted on the matter power spectrum is determined by the scale of horizon entry at z = z t , k e . For the hoizon entry in the radiation dominated era:
Here Ω γ is the radiation contribution from photons. The matter power spectrum is suppressed at scales below the corresponding scale for k e . This suppression can be understood as follows: the LFDM obtains its initial conditions from massless neutrinos. On the superhorizon scales, the massless neutrinos behave like other forms of matter such as the CDM (for details see e.g. [50, 51] ). However, unlike CDM, the perturbations in this component are washed out owing to free-streaming on scales smaller than horizon size. As z t is increased the feature shifts to larger k e , or smaller scales. As z t tends to infinity, the LFDM matter spectrum approaches the ΛCDMresults. This also motivates our choice of the cosmological data for constraining the LFDM model.
The Data
As discussed above, we can theoretically analyse the impact of the late forming dark matter in terms of three parameters: z t , f lfdm and N eff . For a given l lfdm and f lfdm , ∆N eff can be expressed in terms of these parameters for a given Ω DM h 2 (Eq. ((3.3) )), which we assume to be fixed and given by the best-fit Planck estimate for the six-parameter spatially-flat ΛCDM model [1] .
The two parameters-z t and N eff -affect the linear power spectrum at different scales. The main impact of changing N eff is to alter the matter radiation equality epoch. This shifts the peak of the matter power spectrum. As the SDSS data on the galaxy power spectrum observes the power at such scales: k=0.02-0.1 h/Mpc, this data is senstive to the variation of of N eff . For k > 0.1, the SDSS data cannot be directly compared to the predictions of linear theory as non-linearities set in for such scales. We use the halofit model embedded in camb to obtain the non-linear power spectrum for comparison with the SDSS galaxy power spectrum; this procedure allows us to use the data for k 0.2.
As seen in Figures 1 and 2 above, the main effect of the z t is to suppress the power at scales k > 0.1 h/Mpc. Such scales are not directly accessible from the data on galaxy power spectrum at low redshifts. It is known that Lyman-α clouds observable at intermediate redshifts (2 < z < 5) probe mild overdensities (δ 10) of the density field. The data from Lyman-α clouds can be used to reconstruct the linear matter power spectrum for scales comparable to the Jeans' scale of the intergalactic medium in the relevant redshift range [52, 53] . Here we use the data in the range: 0.2 < k < 4.8 h/Mpc [54] . From Figure 1 and 2, it is clear that this range of scale is far more sensitive to the variation in z t . As z t is increased the oscillations seen in the power spectra move to larger values of k (or smaller scales) with the power spectrum appraoching the ΛCDM model as z t tends to very large values.
Data Analysis and Results
The two data sets-SDSS galaxy power spectrum and the linear power spectrum reconstructed from the Lyman-α data-allows us to investigate the range of scale: k = 0.02-5h/M pc. However, these two data sets do not have the same bias with respect to the underlying density field, and therefore the overall normalization constant is different for the two cases. In other words, we can probe the shape of the power spectrum in the aforementioned range of scales and not its overall normalization. We consider four parameters for each data set: N eff , z t , f lfdm , and C, where C corresponds to an overall normalization which is marginalized. For our analysis we search the best-fit in the range: N eff = 3-4, which encompasses the current range of constraints on N eff [47, 48] .
The χ 2 for computing the goodness-of-fit is given by:
Here P (k) th is the power spectrum calculated using camb and P (k) obs is the observed power spectrum and σ i are error bars obtained from the diagonal element co-variance matrices of the SDSS and Lyman-α data. The multi-parameter posterior probability is computed by marginization, i.e. the integration of the likelihood function exp(
2 ) over redundant parameters. We first consider the case f lfdm = 1, or all the observed CDM at the present is formed at z t . In Figure 3 , we show the confidence limits for z t and N eff for the two data sets. Both the data sets result in a lower limit on the value of z t . The Lyman-α data results in stronger constraints on z t . This result follows from Eq. ((3.3) ) and Figures 1 and 2 which show an increase in z t results in the feature in the power spectrum shifting to smaller scales. As Lyman-α data probe smaller scales, we expect a tighter constraint on z t from these observations. We note that for both the data sets the floor on the value of χ 2 is set by the ΛCDM model. Or we do not find any evidence of an improvement over the ΛCDM model within the framework of a two-parameter LFDM model.
The marginalized posterior probabilities for z t are shown in Figure 3 . We note that the temperature of the universe corresponding to z t from the two data sets is in the range 30-500 eV. These lower limits on the transition temperature are far below than the constraints on production redshifts in the warm dark matter models; in such models an dark matter particle with mass m > 1 keV is invoked [30] and the production redshift lies before the epoch of BBN at a temperature T ∼ MeV. The confidence limits follow the colour scheme of Figure 2 We next consider the case f lfdm < 1. Or only a fraction of the CDM observed at the present originated at z = z t . This expands the parameter space under consideration and yields more interesting results. In Figure 5 , we show z t -f lfdm contour plots after marginalizing over N eff and the overall normalization C. The SDSS data gives results similar to the previous case with slightly looser bound on z t . The Lyman-α data, on the other hand, results in very different outcome, as compared to the earlier case. The z t -f lfdm split into two separate regions in this case. The region corresponding to z t < 10 5 is ruled out by the SDSS data but is unconstrained by the Lyman-α data. This underlines the importance of using two data sets at different scales for our analysis. Larger values of z t is allowed by both the data sets. Further, the Lyman-α data results in a better fit as compared to the ΛCDM case, as seen in Figure 6 for a large range of values of f lfdm (this inference is nearly independent of N eff ). In particular, f lfdm = 0.1 results in a better fit for the entire range of z t . To understand this improvement of the fit, we show the Lyman-α data alongside many theoretical models in Figure ?? ). While χ 2 11 for the ΛCDM models, it reduces to 3.5 for many models for f lfdm = 0.1. This improvement is largely owing to the two data points for the largest k. This shows the importance of using the small scale data for unravelling the nature of LFDM models.
Our analysis clearly shows that LFDM models with a non-zero f lfdm provides a better fit to the data. However, while significant, our results need further explanation. In our analysis we assume many cosmological parameters to be fixed to their Planck best-fit values. Within the framework of spatially-flat ΛCDM model, the relevant cosmological parameters-Ω CDM h 2 , Ω B h 2 , h, n s -have been estimated at unprecentented precision [1] . For a given angular scale , the CMBR anisotropies receive dominatant contribution from three-dimensional scales k such that kη 0 ; η 0 = 13670 Mpc for the best-fit Planck parameters. As Planck measures CMBR anisotropies for < 2000, the smallest scale to make significant contribution to these observations is k 0.15 Mpc −1 , which is larger than the scales involved in Lyman-α measurements. In other words, Lyman-α data gives us independent information of the matter power spectrum on scales not probed by CMBR experiment Planck. This also means that we are justified in assuming priors on cosmological parameters from Planck, even though we still need to explore the whole range of parameters allowed by Planck to put our result on a firmer footing. 
Discussion
In this worked we have investigated the epoch of dark matter formation in our universe for the nonstandard ( non-wimp) dark matter scenario. Especially we have studied how late a dark matter formation can take place in the universe. Unlike the case of electro-weak weak wimp where dark matter formation happens through thermal freeze-out at a temp T ∼ GeV, in our models of interest the dark matter formation happens considerably after BBN but few e-foldings before CMB decoupling. We took an numerical approach to constrain such models, especially to put a limit on the epoch (redshift) of dark matter formation. As stated before, our study is mainly inspired by the couple of viable models of "late forming dark matter" [36, 41] where dark matter is formed after BBN and as an obvious consequence there is suppression in dark matter linear matter power spectra at small scale. It is worth pointing out that, well studied warm dark matter scenarios also has suppressed power in smaller scales and thus can solve potential issues with CDM simulation but in that case dark matter formation happens before BBN which is much earlier than LFDM. Depending on the model parameter in LFDM scenario, the scale of suppression can even lie in the linear regime of structure formation and thus subject to strong constraints from Ly-α or even SDSS data. Figure 6 . The matter power spectrum from Lyman-α data is shown alongside the ΛCDM model and two LFDM models with f lfdm = 0.1.
In this work we confront this model of LFDM with the existing SDSS data on galaxy power spectrum and the linear power spectrum extracted from Lyman-α data for z > 2. Our results can be summarized as follows: (a) if all the presently observed CDM is late forming then both the data sets result in upper limits on the redshift of formation of LFDM, with Lyman-α data resulting in tighter bounds: z t < 3 × 10 6 (99% confidence limit), (b) if we allow only a fraction of the CDM to form at late times, then we improve the quality of fit as compared to the ΛCDM model for the Lyman-α data. This is suggestive that the present data allows for a fraction of the CDM to form at z t 10 5 . In particular our result underlines the importance of the Lyman-α data for our study. In the recent past, the quantity of Lyman-α data available has sharply increased with the ongoing survey SDSSIII/Boss [55] ; and the results from this survey are expected to throw further light on the models of LFDM. We hope to return to this issue with as the new data becomes available.
As a future direction of research in this field , one needs to do detailed N-body simulation of this model taking our limit on redshift formation into consideration and to compare the results with standard WDM N-body simulation to see if there is any specific signature of LFDM present in small scale ( galactic) structure formation. Another interesting signature would be to study the effect of LFDM on the epoch of first star formation. Both of these studies is beyond the scope of this paper and have been kept for near future work.
